INTRODUCTION: It is unknown whether genetic risk for Alzheimer´s disease (AD) represents a stable influence on the brain from early in life, or whether effects are age-dependent. It is critical to characterize the effects of genetic risk factors on the primary neural substrate of AD, the hippocampus, throughout life. METHODS: Relations of polygenic risk score (PGS) for AD, including variants in Apolipoprotein E (APOE) with hippocampal volume and its change were assessed in a healthy longitudinal lifespan sample (n = 1181, 4-95 years), followed for up to 11 years with a total of 2690 MRI scans. RESULTS: AD-PGS showed a significant negative effect on hippocampal volume. Offset effects of AD-PGS and APOE e4 were present in hippocampal development, and interactions between age and genetic risk on volume change were not consistently observed. DISCUSSION: Endophenotypic manifestation of polygenic risk for AD may be seen across the lifespan in healthy persons.
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Background
Among the earliest behavioral signs of Alzheimer´s disease (AD) are deficits in memory and orientation, closely tied to dysfunction of the hippocampus and its neural circuits [1] . While variants at multiple genetic loci identified in case-control studies are associated with increased AD risk [2] , very little is known about how these genetic variants affect individuals devoid of AD diagnosis at an endophenotypic level. While select studies have shown that the major genetic risk factor for AD, the apolipoprotein E (APOE) e4 allele [3, 4] , is associated with smaller hippocampal volumes at various ages also in healthy persons [5] , longitudinal data are scarce and restricted to older adults [6] . Recently, a small study (n = 66) indicated a relationship of AD genetic risk factors in addition to APOE e4 and hippocampal atrophy in healthy older adults [7] . To date, it remains unknown whether polygenic risk scores (PGS) calculated from established AD risk variants translate to differences in neural characteristics at different life stages in healthy persons.
The negative effect of common genetic polymorphisms on late-life disease, including cognitive decline and onset of AD, has often been interpreted in terms of age-specific mechanisms. For instance, effects of the APOE e4 allele have been understood within the framework of antagonistic pleiotropy [8, 9] . This term was coined by Williams [10] , postulating genes that have opposite effects on fitness at different ages or in different somatic environments. In this manner, it has been assumed that such genetic risk variants for AD either have no effect until older age is reached, or that while they confer a risk in aging, they might present some advantage in development [8, 9] . However, there is growing evidence pointing to the continuous influence of early life factors for later-life cognitive function and its neural foundations [11] [12] [13] [14] . This makes it crucial to investigate the extent to which genetic factors established to influence late life neural and cognitive disease act in a temporally stable and dimensional manner at the level of neural substrates. More specifically, the question remains whether AD genetic risk factors exert their effects only at later life stages resulting in brain atrophy and clinical symptoms, or do they already impact neural substrates much earlier, i.e. through the entire lifespan and in the population at large? We hypothesized that a relation would be present throughout the lifespan, with higher AD-PGS, including presence of APOE e4, showing association with lower hippocampal volumes early in life, as an offset effect. We tested whether AD genetic risk factors derived from genome-wide association studies (GWAS) [2] had an effect on hippocampal volume and volumetric changes in cognitively healthy individuals through the lifespan, and whether genetic risk interacted with age.
Methods
Sample
A total of 2690 valid scans from 1181 cognitively healthy participants, 4.1 to 95.7 years of age (mean visit age 39.7 years, SD 26.9 years), were drawn from five Norwegian studies. The studies included four sub-studies coordinated by the Center for Lifespan Changes in Brain and Cognition (LCBC); The Norwegian Mother and Child Cohort Neurocognitive Study (MoBa) [15] , Neurocognitive Development (ND) [16] , Cognition and Plasticity Through the Lifespan (CPLS) [17] , Neurocognitive Plasticity (NCP) [18] , and a study run collaboratively by LCBC and Oslo University Hospital, Novel Biomarkers (NBM) [19] (see Supplementary Material (SM), for details). The majority of participants were followed longitudinally, scan intervals ranging 0.2-11.0 years (mean = 2.9 years, SD =2.6 years). The sample is partly overlapping with [13, 20] . All were screened, and dementia, previous stroke with sequela, Parkinson's disease, and other neurodegenerative diseases likely to affect cognition were exclusion criteria, with additional inclusion and exclusion criteria being applied per study (for details see SM). The participants in the sub-studies run by LCBC [15] [16] [17] [18] , constituting the majority (n = 1095), were cognitively healthy community dwellers, but complete absence of health problems was not required for inclusion. Participants with common health conditions, such as moderately elevated blood pressure and being on hypertensive treatment, were not excluded. They were recruited in part by newspaper and online ads, and in part through the population registry cohort study MoBa (see SM for details). The participants in the NBM study [19] (n = 86 at baseline) were recruited among patients scheduled for elective gynecological (genital prolapse), urological (benign prostate hyperplasia, prostate cancer, or bladder tumor/cancer) or orthopedic (knee or hip replacement) surgery in spinal anesthesia, turning 65 years or older in the year of inclusion. Informed consent was obtained for all participants; in writing from those 15 years and older, and from parents of participants below 15 years of age, and participants 12 years and older also gave oral consent. The studies were approved by the Regional Ethical Committee of South East Norway.
Additional criteria for being included in the present analyses were 1) having valid genetic data, 2) being of European ancestry as determined by genetic analyses (see below), 3) having at least one valid anatomical MRI scan with successful automatic hippocampal segmentation (see below). Sample descriptions for the total sample binned by timepoints are given in Table 1 . Additional descriptions including distribution of sub-study samples per timepoint is given in Supplementary table 1 (see SM). To check for possible recruitment bias/age selectivity, the correlations of age and AD-PGS and APOE e4 allelic variation (coded as both 6 0,1, or 2 e4 alleles, as well as absence or presence of e4 allele, 0 or 1) were calculated. For AD-PGS and age, there was a modest negative correlation, r = -.04, p = .0482, suggesting some age selectivity. No significant correlations or trends towards such were observed for APOE e4 allelic variation, correlations with age being r = -.01, p = .4942 for APOE e4 coded as no (0)/yes (1), and r = .00, p = .9356 for APOE coded as no e4 allele (0)/ one e4 allele (1) / two e4 alleles (2). This suggests that there was no substantial sample selection age-bias with regard to genetic risk for AD. The proportion of APOE e4 carriers in the present study appears largely in line with that which would be expected for the population in a Scandinavian country [21, 22] .
Genotyping
Buccal swab and saliva samples were collected for DNA extraction followed by genome-wide genotyping using the "Global Screening Array" (Illumina, Inc). For a full description of genotyping and post-genotyping methods, including QC and imputation of untyped markers please see SM. AD-PGS of our sample was calculated using the allelic effect sizes from Lambert et al. [2] . The SNPs common to our data and Lambert et al. [2 ] were pruned to be nearly independent using the program PLINK 1.9 [23] with the following parameters: -clump-p1 1.0 -clump-p2 1.0 -clump-kb 500 -clump-r2 0.1. The linkage disequilibrium (LD) structure was based on the European subpopulation from the 1000 Genomes Project Phase3 [24] . Due to the complexity of the MHC region (build hg19; chr6:25,652,429-33,368,333), we removed SNPs in this region except the most significant one before pruning. Previous studies [25] [26] [27] have shown that PGS constructed using SNPs with association p value < 0.5 from Lambert et al. [2] have the largest effect on the risk of AD. Hence, we used the same threshold in the pruned set for computing the AD-PGS. Due to its known large effect, we computed AD-PGS with and without markers in the APOE region (build hg19; chr19:44,909,011-45,912,650). To test the effect of APOE itself we modelled the counts of APOE e4 alleles directly by determining haplotypes of the two SNPs rs7412 and rs429358 [28, 29] , coded as 0, 1, or 2 copies of the e4 allele. We computed the genetic ancestry factors (GAFs) using principal components methods [30] . For the present analysis, only participants of European ancestry were included, excluding 89 persons for whom we had genotype data (see SM for further details). Finally, to investigate consistency of results across different pvalue thresholds, analyses were recomputed limiting markers to those showing genomewide significant association (i.e. p < .5e-08) with AD risk in Lambert et al. [2] .
MRI data acquisition
Participants were scanned at a total of 4 Siemens scanners at 2 sites (1: Oslo University 
Image analysis
All scans were reviewed for quality and automatically corrected for spatial distortion [31, 32] . Images were first automatically processed cross-sectionally for each time point with the FreeSurfer software package (version 6.0). This processing includes automatic hippocampal volumetric segmentation [33, 34] . In older subjects, FreeSurfer is shown to calculate consistent hippocampal volumes with reproducibility errors of 3.4%-3.6% [35] . To extract reliable longitudinal subcortical volume estimates, the images were run through the longitudinal stream in FreeSurfer [36, 37] . Participants followed-up on different MRI scanners were independently processed for each scanner. To allow assessment of differences between scanners, 24 participants were scanned on all three scanners from Oslo University Hospital on the same day. Linear regression analyses were run testing the concordance between hippocampal volumes between scanners, yielding excellent agreement (Avanto vs Prisma R 2 = .93; Prisma vs Skyra R 2 = .94; Prisma vs. Avanto R 2 =.90).
Thus, including scanner as covariate in the analyses would almost perfectly account for any possible scanner bias.
Statistical analyses
Analyses were run in R [38] were entered as covariates. See SM for further details.
Results
In the lifespan sample, hippocampal volumes increased in early development and declined in older age, as shown in Figure 1A . We found a significant negative effect of AD-PGS on hippocampal volume (t = -2.017, p = .0437), as shown in Figure 1B . There was no significant age interaction with AD-PGS (F = 1.487, p = .1915). While the analysis was based on the continuous AD-PGS score, inspection of the age trajectories for the first and fourth quartile values of AD-PGS ( Figure 1C ), did not give any consistent indication of greater effects of higher PGS for AD with age. Rather, while there was time after age 60 when the hippocampal curves merge for the different subgroups, they were otherwise mostly ordered throughout life so that those with the lowest quartile PGS for AD had the highest volume, while those with the highest quartile PGS for AD have the lowest volume. Of note, the absolute volume difference between those with lower and higher AD-PGS appeared to be about the same in young adults (~20s) as in the oldest adults (~80s).
Analysis with APOE status as the predictor of hippocampal volume likewise showed a significant negative effect of presence of the e4 allele (t = -2.779, p = .0054). There was no significant age interaction for APOE allelic variance, but a trend was observed (F = 2.103, p = .075). This is in line with e4 allele carriers having smaller hippocampal volumes in young age, as an offset effect. Importantly, the trend towards age interaction cannot be interpreted as indicating faster atrophy in older age, as carriers in young adulthood (~20s) appeared to display lower hippocampal volumes similar to carriers in older adulthood (~80s; Figure 1D ).
AD-PGS excluding the APOE-region did not show a significant effect on hippocampal volume, although a trend in the same direction as the full model was observed (t = -1.744, p =.0812).
There was no evidence for an age interaction upon utilizing the AD-PGS excluding markers in the APOE region (F = 0.985, p = .4670).
Insert Figure 1A -D
Recomputing the analyses with an AD-PGS limited to SNPs only showing genome-wide significant association (i.e. p < 5e-08) with AD risk in Lambert et al. [2] , confirmed a significant negative effect of AD-PGS on hippocampal volume (t = -2.444, p = .0146). This result was reduced to a trend when excluding markers in the APOE region (t = -1.699, p = .0893). However, significant age interactions appeared in the PGS analyses limited to genome-wide significant markers, both with and without markers in the APOE region (with APOE: F = 2.269, p = .0335; without APOE: F=2.211, p = .0147; Supplementary Figures 1 and   2 , respectively). Especially when excluding the APOE region, there seemed to be a somewhat more negative effect of higher AD-PGS on hippocampal volume in older age (above 80 yrs).
Discussion
This study shows that genetic risk for AD is associated with effects on hippocampal volume throughout life, having neurodevelopmental offset effects observable from childhood in cognitively healthy well-functioning participants. Higher AD-PGS and carrying the APOE e4 allele specifically, were associated with lower developmental hippocampal volume offsets, and persons with higher genetic risk for AD remained having lower hippocampal volumes with age. Notably, this main effect was consistently observed for PGSs constructed using SNPs with two different association p values [2] .The association of hippocampal volume and AD-PGS through the lifespan is a novel finding, as to our knowledge no previous reports exist on the lifespan trajectories of polygenic AD risk at an endophenotypic level. However, and as expected, the effect was not large, and when using the AD-PGSs computed without the APOE region as predictor, the effect was reduced to a trend.
Having low versus high genetic risk for AD was associated with roughly equivalent difference in hippocampal volume at the age of 25 and 80 years. The effect of the PGS constructed using SNPs with association p value < 0.5 from Lambert et al. [2] , shown to have the largest effect on the risk of AD [25] [26] [27] , did not significantly interact with age. However, the PGS effect was not equally apparent at all ages among older adults, and notably, age interactions were observed for the same PGS constructed using SNPs with the lowest association p-value.
Possibly, different extent of effects at different ages may illuminate why one small recent study found associations of an AD genetic risk score and hippocampal atrophy over a two-
year interval in healthy older adults (n = 45), though no association with individual variation in volume was seen at baseline (n = 66) [7] . AD-PGS did correlate modestly with age in our sample, and there may be some sample-selection bias in healthy older age samples, so it would be interesting to see whether age interactions could be consistently observed if persons were followed for even longer and at higher ages. We cannot, based on the current sample, exclude a mixture of neurodevelopmental offset and aging effects, though the neurodevelopmental offset effects were the most consistently supported by the present results.
There was only a trend for effects of APOE allelic variants to interact with age, and this trend was not clearly indicative of faster atrophy for APOE e4 carriers in older age. Cross-sectional studies have shown that APOE e4 [3, 4] carriers tend to have lower hippocampal/medial temporal lobe volumes at various ages also in healthy persons [5] , and notably, this has been identified even in neonates [40] . However, it has been difficult to interpret whether these developmental structural brain differences actually do represent long term risk factors, as longitudinal imaging data have been lacking. The only such study we know of was restricted to older adults aged 55-75 [6] , showing greater hippocampal atrophy in e4 carriers across a five year interval. The present study hence partly confirms, yet nuances and extends previous reports, in showing a main effect through the lifespan, i.e. also an offset effect.
The present study adds to the evidence for early life factors exerting a continuous influence on later-life function [11, 12] , showing that genetic factors established to influence late life neural and cognitive disease work in part in a temporally stable and dimensional manner.
That is, genetic risk factors for AD seem not to only manifest at late life in neural atrophy and clinical symptoms, but appear to start influencing neural substrates of cognition early on, through the entire lifespan and in the population at large. In this regard, currently 13 observed effects of the APOE e4 allele cannot well be interpreted only within the framework of antagonistic pleiotropy [8] [9] [10] , as this allelic variant appears to have in part similar effects on neural substrates of memory function and different ages. As for AD-PGS, currently observed effects are of similar magnitude in young adulthood as in much of older adulthood, meaning that explanations evoking different effects at neural substrates at different ages may be incomplete.
This does not necessarily imply that effects on behavior may be readily observed through the lifespan. A number of studies have indeed not observed effects of APOE status on standard neuropsychological memory tests [41, 42] . However, as recently reported, this does not mean that effects of genetic risk for AD do not manifest early, in more fine-grained behaviors dependent on hippocampal circuitry, such as spatial navigation [42] . A related, yet different account, is the magnification or resource modulation hypothesis [43] [44] [45] , stating that genetic effects are magnified in persons with constrained neural resources, such as older -and putatively also developing -individuals. Here, it is assumed that the function relating brain resources to cognition is non-linear, so that genetic differences exert increasingly larger effects on performance with lesser neural substrates. Regardless of direct effects on behavior, smaller hippocampi can within these various accounts be seen as a risk factor. Within a brain reserve account, such differences in brain structure may relate to differences in tolerance to pathology before one falls under a functional threshold [46] .
Hence, these differences may become readily functionally apparent only in older age, but they likely are there to begin with and throughout life in a stable manner. This supports a lifespan model of dementing disorder [47] , where effects of common genetic variants in part work in a stable manner to be one of several factors affecting risk for cognitive decline and neurodegenerative disease.
As risk is multifactorial [47, 48] , the genetic component is one of many factors that will be at [49, 50] . Still, we note that WHO calls for further research in at-risk populations, and research to understand how timing affects the impact of interventions on cognitive decline and dementia. Based on the present results for genetic risk and hippocampal volume and its age change, risk is not something that only has an impact at a specific age, such as midlife or late life, but really may work in part in a continuous manner through all of life. If correct, a possible implication from these data is that attempts to reduce risk for neurodegenerative disease should be aimed at the entire lifespan.
In conclusion, endophenotypic expression of genetic risk for AD may be seen in a dimensional and lifespan perspective, not being confined to clinical populations or older age.
This emphasizes that a broader population and age range are relevant targets for attempts to prevent AD. Future studies should investigate which genetic factors established to influence AD work in a temporally stable manner, across manifestations of health and disease, and which may have more pronounced effects in aging, to help define targets for prevention. 
Figure legend
